ABSTRACT
21
appropriate detection limits and precision for soil gas tracer studies. We have designed a soil gas 22 probe with minimal internal dead volume to allow us to sample soil gas volumes of 45 cm 3 . Radon-23 222 is extracted from these samples into a mineral oil-based scintillation cocktail before counting on 24 a conventional liquid scintillation counter. A detection limit of 320 Bq m -3 (in soil gas) is achievable 25 with a one hour count. This could be further reduced but, in practice, is sufficient for our purpose 26 since 222 Rn in soil gas typically ranges from 2,000 -50,000 Bq m -3 . 
39
Radon-220 (thoron) and 222 Rn (radon) both undergo alpha decay; each gives rise to a series of short-
40
lived alpha-and beta-emitting progeny which can impart significant radiation doses when inhaled.
41
Thus, many studies of radon gas are driven by the need to quantify radiation doses due to the efflux 42 of radon from soil into the atmosphere above, especially when this occurs into buildings. However, 43 radon gas can also be used as a naturally-occurring tracer which can assist in predicting earthquake 44 risk (Papastefanou, 2007) and in quantifying gas transport in soils. Radon flux measurements have 45 previously been used to determine diffusive properties of surface soils (Dorr and Munnich, 1990;  . In a soil with air-filled porosity 66 of 40%, a soil gas sample of 300 cm 3 will be drawn from a sphere with 5.64 cm radius, assuming 67 homogeneous and isotropic pore structure. This would give an uncertainty of almost 12 cm on the 68 vertical position of the sample. As soil wetness increases, so does this uncertainty; with an air-filled porosity of 20%, the notional sampling sphere of a 300 cm 3 gas sample has a radius greater than 7 70 cm and the minimum spacing of adjacent samples is, for all practical purposes, 10 cm. Similarly, the 71 minimum depth of sampling is 10 cm below the soil surface. Reducing the volume of the soil gas 72 sample will increase the spatial precision with which it can be taken (Born et al., 1990) . Figure 1 
73
indicates that, as sample volume is reduced to less than 100 cm 3 , the effective sampling radius,
74
hence the positional uncertainty on the sample, falls rapidly. Figure 1 
88
The aim of the current study was to develop and test an alternative method to allow small volume 89 samples of soil gas to be collected with high precision, both spatially and temporally, and for these 90 samples to be analysed for 222 Rn with sufficient accuracy and precision for soil gas transport studies.
92

METHODS
93
94
A probe ( Figure 2 ) was designed to allow small volume samples of soil gas to be taken quickly and 
191
Minimization of sample volume is key to improving the spatial and temporal resolution with which 192 soil gas can be sampled although few studies on soil gas sampling specifically address this problem.
193
In a radon detector such as AlphaGUARD™, the volume of the ionization chamber dictates the 194 minimum soil gas volume which can be measured. When using LSC to measure radon in soil gas ). These calculated activity concentrations 250
were then compared with those measured directly using AlphaGUARD™ in the field (Figure 8 ).
251
Linear regression of the two data sets yielded a coefficient of determination (R Rn detection in small soil gas samples.
255
Given the design of the soil gas sampling probe, the method is particularly suitable for measuring . The method of soil gas sampling and 298 analysis described in this paper allowed us to identify a band of elevated radon concentration only 3 299 metres wide based on a field survey which took less than one hour.
301
The accuracy of the LSC method has been demonstrated by calibration against field and laboratory 302 measurements using an instrumental radon detector (ALPHAGUARD™). The LSC method provided 303 much better spatial resolution than the ALPHAGUARD™ owing to the smaller gas volumes sampled.
304
Another advantage of the LSC method is that, as long as a soil gas sample can be extracted, it is 305 unaffected by soil moisture, unlike instruments such as the RAD7™. Szabo et al. (2013) Distance from point 0 (m)
